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DECLARATION OF XIAO XIAO UNDER 37 CFR §1,131 IN UNITED STATES PATENT 
APPLICATION NO. 09/845,416 

I, XIAO XIAO, being duly sworn, depose and say: 

1. THAT I am the sole inventor of the subject matter disclosed and claimed in U.S. Patent Application 
No. 09/845,416 filed in my name on April 30, 2001 for "DNA SEQUENCES ENCODING 
DYSTROPHIN MINIGENES AND METHODS OF USE THEREOF" ("Present Application"). 



2. THAT the Present Application variously claims an isolated nucleotide sequence comprising a 
dystrophin minigene encoding a protein having the following features: (a) a N-terrninal domain; (b) four 
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to six rod repeats; (c) an HI domain of a dystrophin protein and an H4 domain of the dystrophin protein; 
and (d) a cysteine-rich domain ("Invention"). 

3. THAT the Present Application claims the priority of U.S. Provisional Patent Application No. 
60/200,777 filed in my name on April 28, 2000 for "DNA SEQUENCES ENCODING DYSTROPHIN 
MEMIGENES AND USE THEREOF' 1 ("Xiao Provisional Application") and that I am the sole inventor of 
the subject matter disclosed in the Xiao Provisional Application. 

4. THAT I am aware that claims to the Invention in the Present Application have been rejected by the 
Patent and Trademark Office in a May 25, 2004 Office Action under 35 USC §102(e) as anticipated by 
Chamberlain et al. U.S. Patent Application No. 10/149,736 filed November 25, 2002 and published on 
November 20, 2003 as U.S. Patent Publication No. 2003/0216332, claiming priority of U.S. Provisional 
Patent Application No. 60/238,848 filed October 6, 2000 ("Chamberlain"). 

5. THAT the Invention was made prior to the October 6, 2000 effective date of Chamberlain as evidenced 
by the subject matter that I have described in the Xiao Provisional Application, including the following 
disclosures therein: 

(a) page 4, lines 17-21 ("[although the [prior art] mini-genes contained ... 1 to 3 central rod 
repeats, they were ... insufficient to protect muscle from dystrophic pathology") excluding 1 to 3 
rod constructs from the scope of the invention; 

(b) page 6, lines 2-4 ("[tjhe present invention provides the dystrophin gene which can be 
successfully reduced to approximately one third (1/3) of its 1 1 Id) full-length coding sequence, 
without compromising essential functions in protecting muscles from dystrophic phenotypes"); 

(c) page 7, lines 3-6 ("Dystrophin has four major domains: the N-terminal domain (N), the 
cysteine-rich domain (CR), the C-terminal domain (CT) and the central rod domain, which 
contains 24 rod repeats (R) and 4 hinges (H). The mini-dystrophin genes were constructed by 
deleting a large portion of the central rods and nearly the entire CT domain (except the last 5 
amino acids"); 

(d) page 53, lines 4-6 ( 4i novel truncated dystrophin genes, which are small enough to be packaged 
into AAV vectors, and yet retain the essential functions needed to protect muscle from the 
pathological symptoms"); 

(e) page 55, lines 8-10 ("novel dystrophin constructs created by extensive deletions in the central 
rod domain, plus extensive deletions in the C-terminal domain of the human dystrophin cDNA"); 
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(f) page 55, lines 12-13 ("[t]he mini-dystrophin genes are smaller than the 5-kilobase packaging 
limit of AAV viral vectors**); 

(g) page 56, lines 8-9 ("a major portion of the rod domain is dispensable'*) and lines 14-15 ("[w]e 
have created by rational design several mini-genes, in each deleting up to % of the central rod 
domain"), which within the limits of accuracy of '^rational design" can involve deletion of up to 
20 of the 24 naturally-occuring rod repeats (in which when expressed as a decimal fraction of 
relevant significant digits (= 0.8), yields a rod domain deletion portion = 0.8 x 24 rods = 19.2 
rods, which in turn due to the whole number character of repeat units requires deletion of 20 of 
the 24 naturally-occuring rods, to produce a 4-rod construct); 

(h) page 60, lines 5-7 ("[t]o accommodate as many rod units in the central domain without 
exceeding the AAV vector packaging limit, we have for the first time deleted the entire C- 
terminus (819 bp) without sacrificing the primary functions of dystrophin") and lines 19-22 
("Mini-genes A3849" and "Mini-gene A3990" as 5-rod constructs, and "Mini-gene 4173" as a 6- 
rod construct); 

(i) page 62, lines 7-8 ("[t]he entire gene expression cassettes can be readily packaged into adeno- 
associated virus (AAV) vectors"); and 

(j) page 62, lines 12-14 ("the present invention further defines the minimal functional domains of 
dystrophin and provides ways to optimize and create new versions of mini-dystrophin genes"). 

6. THAT disclosure cited by the Examiner in the May 25, 2004 Office Action, at page 56 of the Xiao 
Provisional Application ("[t]o ensure sufficient physical flexibility of the protein, all of our mini- 
dystrophins still retain at least 5 rod repeats... in the central rod domain") describes specific illustrative 
constructs selected for protein physical flexibility, within the scope of broader disclosure of the Invention 
evidenced by the textual portions of the Xiao Provisional Application quoted in sub-paragraphs (a)-(j) of 
the preceding Paragraph 5 of this Declaration. 

7. THAT disclosure cited by the Examiner in the May 25, 2004 Office Action, at page 60 of the Xiao 
Provisional Application ("the mini-dystrophin genes reported here accommodated at least 5 rod repeats") 
describes specific illustrative constructs selected for protein physical flexibility, within the scope of 
broader disclosure of the Invention evidenced by the textual portions of the Xiao Provisional Application 
quoted in sub-paragraphs (a)-(j) of the preceding Paragraph 5 of this Declaration. 

8. THAT the April 28, 2000 filing date of the Xiao Provisional Application (containing broad disclosure 
of the Invention, including the textual portions of the Xiao Provisional Application quoted in sub- 
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paragraphs (a)-(j) of the preceding Paragraph 5 of this Declaration) is prior to the October 6, 2000 
effective date of Chamberlain. 

9. THAT the broad disclosure of the Invention in the Xiao Provisional Application evidences the 
constructive reduction to practice of the Invention as of the April 28, 2000 filing date of the Xiao 
Provisional Application, involving a mini-dystrophin gene encoding a protein having a N-terminal 
domain, a cysteine-rich domain, hinge domains HI and H4, and a number of rod repeats defined by 
deletion of a "large portion" (page 7, lines 3-6)/"major portion*' (page 56, lines 8-9) of the 24 naturally- 
occuring rod repeats, producing a truncated form of the dystrophin gene with "extensive deletions in the 
central rod domain" (page 55, lines 8-10) that (A) excludes 1 to 3 rod constructs (page 5, lines 17-21), (B) 
includes deletion of "up to % of the central rod domain" (page 56, lines 14-15), which within the limits of 
accuracy of "rational design" (page 56, line 15) can involve deletion of up to 20 of the 24 naturally- 
occuring rod repeats, yielding a 4-rod construct, (C) includes 5 -rod and 6-rod constructs (page 60, lines 
19-22), and (D) is sufficiently small for packaging in an AAV vector without loss of function (page 53, 
lines 4-6) 

10. THAT the broad disclosure of the Invention in the Xiao Provisional Application identified in the 
preceding Paragraph 9 of this Declaration also evidences my conception of the Invention as of the April 
28, 2000 filing date of the Xiao Provisional Application, prior to the effective filing date of Chamberlain, 

11. THAT as additional evidence of conception of the Invention prior to the effective date of 
Chamberlain, attached in Exhibit 1 hereof are true and exact copies of pages 1 (Face Page), 2, 81-82, 104 
and 105 of a grant application submitted to the U.S. Department of Health and Human Services, in which 
relevant dates are blacked out, but which dates are prior to the effective date of Chamberlain. 

12. THAT the pages of the grant application referred to in the preceding Paragraph 1 1 of this Declaration, 
and attached in Exhibit 1 of this Declaration, contain the following disclosure: (i) an identification of a 
proposed grant project entitled "Improving Muscle Function Through Gene Delivery" (page 1 (Face 
Page)); (ii) an identification of me ("Dr. Xiao") as responsible for Project I, entitled "Adenoassociated 
virus (AAV) vectors to improve mature muscle function by gene delivery" (page 2); (iii) disclosure of a 
dystrophin mini-gene lacking the central rod domain, with only one central rod (page 81-82); (iv) 
hypothesis of a single-rod dystrophin mini-gene as improving the function of dystrophin-deficient muscle 
when delivered by AAV vectors (page 104) and (v) description of alternative work in the event that the 
single rod construct were not to produce significant functional recovery, including removal of a portion of 
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the C-terminal region to "empty some space for additional rod domains to be incorporated" (page 105), 
whereby numbers of rods greater than one would be evaluated in constructs compatible with AAV 
vectors. 

13. THAT following my original conception of the Invention, I undertook various activities and efforts to 
advance the Invention, including: (i) my submission in February, 2000 to the American Society of Gene 
Therapy (ASGT) of an Abstract ("Efficient Functional Correction of Muscular Dystrophy in mdx Mice by 
AAV Vectors Carrying Novel Human Mini-dystrophin Genes") describing "for the first time the 
successful gene therapy of DMD using AAV vectors" using "a series of novel mini-dystrophin genes (3.8 
kh to 4.2 kb) that readily package into AAV along with an MCK (muscle-specific creatine kinase) 
promoter to assure tissue-specific transgene expression"), which was published on-line by the ASGT on 
May 1, 2000 in Molecular Therapy, Vol. 1, No. 5, May 2000, Part 2, a true and exact copy of which is 
attached in Exhibit 2 hereof, (ii) my corresponding oral presentation on the Invention and appertaining 
research results at the ASGT Third Annual Meeting, at 2:00 PM on June 1, 2000, (iii) my submission in 
July, 2000 to the Proceedings of the National Academy of Sciences of the United States of America of a 
manuscript entitled "Adeno-associated virus vector carrying human minidystrophin genes effectively 
ameliorates muscular dystrophy in mdx mouse model," which was published in such Proceedings in its 
December 5, 2000 issue, Vol. 97, No. 25, pages 13714-13719, a true and exact copy of which is attached 
in Exhibit 3 hereof; and (iv) my filing on April 30, 2001 of the Present Application. 

14. THAT this Declaration is submitted by me in order to present evidence of my conception and making 
of the Invention prior to the effective date of Chamberlain, and evidence of my activities and efforts in 
advancement of the Invention, in order to remove Chamberlain as prior art under 35 USC § 102(e) against 
claims of the Present Application that have been rejected by the U.S. Patent and Trademark Office in the 
May 25, 2004 Office Action on the basis of Chamberlain. 

I hereby declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further, that these 
statements a re m ade with t he k nowledge that willful false s tatements a nd t he 1 ike s o m ade a re 
punishable by fine and/or imprisonment, under Section 1001 of Title 18 of the United States Code, 
and that such willful false statement may jeopardize the validity of the Present Application or any 
patent(s) issued thereon. 
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DESCRIPTION. State the application's broad, long-term objectives and =™^fi^ ,: m Z ~, ' 

Iheresearch design andmetnodsYoradfi&ving t^s^o^^^^T ft" 8 " 06 ,0 lhe """"'elatedness of theprotect Describe conrj^w 

to serve as a succinct and accurate descripC X «• ^"P^on^his de s Sn^am 

as ,s. w became p Ublic Mforma.ion. t^,,,,, do n P 0 , ir^eZo"e^ 



rnnti . ^ largest organ system of the body, comprising- approximately 30% of body mass. Muscle is 

w f t ° Qe ? f m ° St adaptaWe £issues ' res P ondi *S to use and disuse, and is capable of regeneration 

hypertrophy, and alteration of metabolic status over relatively short periods of time ^generation, 

. , - T „ M f r ? W 0 **™ is ™ important human health problem. Inherited disorders of muscle, composed 
primarily of the muscular dystrophies, are some of the most common and most devastating inborn ewShE 

SSSS-SS"" to aging (sarcopenia) ' " d *** ^ ce *™* 316 3150 major ei «™ 

71,616 are clearly many advantages of muscle as an organ system in which to test the ability of exorenouslv 
added genes to modulate cellular function. However, as the muscle gene delivery field has expanded andSS 
over die last few years, significant hurdles facing practical applications of this technology have become recognized 
It is these remaning hurdles that are the focus of this program project. • recognized. 

,w ^ ? "^1 PfSram project, we combine the complementary expertise of a group of seven raoependent 
mvesagators who have a track-record of synergistic collaboration, and commitment to the field of muscle muscS 
disease, and muscle gene delivery. The interdependency of the different projects and sponsoring laboraWs 
evident through the extensive collaborative preliminary data that is presented, a ^history of 'ccSXre^ 
publications, and established shared training grants, group meetings, and journal clubs d 
Research projects are as follows: Project 1 (Dr. Xiao), Adenoassociated virus (AAV) vectors to imorove 
mature muscle funcnonby gene delivery. Project 2 (Dr. Clemens), Long-term rescue of muscle function by dystrophin 
delivery using novel adenoviral vectors. Project 3 (Dr. Huard), Definition and circumvention of mTturation^ 
dependent mfecttvity of muscle by adenovirus. Project 4 (Dr. Hoffman), Development of targeting lirands for 
systemic delivery to muscle. Three Cores support the research projects; Adininistrative Core (Dr. Hofrrnan) Muscle 
Physiology Core (Dr. Watchko), and Mouse Breeding Core (Dr. Clemens) Muscle 
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Principal investigator: Hoffman. Eric 

RESEARCH PLAN 



V(v . fnre Recombinant adeno-associate virus (r AAV) vectors are based 6ri defective huinan tfarvdviruse> rAAV 
XsZntc!lS^iT n T fV° ST ^"P^nicity, possible genomic integrSnTScUon o\ 
ft SenSv hvil - PP ^f m laC ^u f C ! 1Iul , a f immune reacti °™- In contrast to other viral vectors, rAAV I ca Da bIe 
We Sd oaL C the W f ? 6r basaJ lamina ^ Educing mature muscle cells (see Pro ecTa Dr h52£ 
we and others have successfully demonstrated that rAAV vectors harboring a foreim gene « j Zn " uara; 
achieve highly efficient and sustained gene transfer in mature muscl ^^n^mJ^'S^l^t^f^ 
15 years without detectable toxicity. Vector integration into the host DNAand I IaVkS S. reaction aS? 
transduced cells support long term transgene expression. 11011 agamSt 

Recently we have significantly improved vector production methods to jreherate hieh titer anrf hi«rh «, M i iw 
S^y^w^- " owever . d «pite success of rAAV for gene delivery in muscle xSSS^S^J^StS^ 
well as therapeutic genes for metabolic disease and secreted proteins, no attempt to £ert5s vectorsSJtenffo 
rescue muscle function loss caused by genetic deficiencies has been reported yStem £ ° 

~m.„* A ^ aj ° r ^advantage of rAAV vectors is their 5-kb packaging size limit for foreign DNA Thi* ha* 
S^f^f li* 6 ma J° rmusc i e , ,^ease gene, dystrophin (> lulb) in Duchesne SuSuTaV 
v^to^mTSatT 51 S^^" forms ° f * e d ^0Phi« gene have been too large^AAV 



J 0 ^ s Project we win use two animal model systems to test the hypothesis that functional re*™, nf 
mod^ r!fxl.c^ accomplished by genetic- complementation of inherited niu^^dardysux^lSMT^efir^L^h^ hamster 
model of S-sarcoglycan (5 -SG) deficiency^. 97], will be used to test our ability to delrver the noS £f£^f 
b?clh?^. m v C / e , ^^ 0n - C °™P^entation °f the biochemical defect wiU b? sSidied I Sm? 25fc * 
S^^ Ca i ^ S ol °g ,caJ ' ^ Actional levels. The second set of specific aims use Mfoe moSe Soddof 
dystrophin-deficiency[55] to test the efficacy of a highly truncated dystrophk^neT 

g^eJc *n?p°& ° g,yCan (5 " SG) bB -cued by 

*~fi2*£ZZ^££3i*£Z" V ** arCO & c «» Sene driven by a CMV promoter w ill 

Qr , . °5' H °frman's laboratory (Project 4) has been instrumental in defining human disorders resulri™ f™™ 
• ?f A v5 haS *** human ^ SG S ene AAV for use in thisTlecTTe v^Tprodule wSh to 

f^y^" S 2 VU ^ 5 * an /- test efficiency of fene delivery, persistence of DNAin myofiberf l^ Z^JTn 
£3£^- a ^ °* from injection. Muscle functional improvement ^ rtSwteSdSSSSLl 
studies (in collaboration with Dr. Hoffman's laboratory), and pt^to^^^c^^S^^^S 

(Proiect^ y rSfT natl0 - n aSS ° Ciated ^ *- SG ex P«^ wifi be studied wiS S Sce ff ofSns 
" fbmEi ?A5 l^* 11111 *" 1011 appears to limit the persistence of 5-SG expression, and improvement^ muscle^ 
ftoncuon, then immune suppressants (FK506, cyclosporin) will be adinLstered, ^SSSSoSSSm 

b. Persistence of gene expression in the hamster model will be improved with muscle-soeeific nm*,***™ 

„ to We ««»cipate that the CMV promoter used above will not prove ideal fo muse SfdeS^ wS^h. 

S3S iave^Sf ^ t0 56 inactivated * <*her tissues. Second, the expreslTof ^ 

c™~7r y 14 311 lmmune response against the vector transduced cells. For this reason we will nSfmSSS 

vecS S^oSLiSSt" T^T^ Creatine kinase P romoter ^ ^ «i^Q^iSSSv^ 
25S • C1 ? mens (Project 2) has substantial experience in using MCK promoter in adenoviral vector? 
Following m vivo vector delivery, persistence and Amotion studies^ 

sasss r^i!&%fiss G gene can be mediated by rAAv - ct - 

vector^u«^^^ 

More importantly, improvement of muscle hitology, gener/health S^^^£^S^^ 

Wt?o« ?f Pftheds: a dystrophin mini-gene lacking the central rod domain will improve the 
function of dystrophm-deficient muscle when delivered by AAV vectors im P™ve the 

Japan m)cZtSz^^ ?he ^ ^"T* P kb ^"t^n construct (form our collaborator in 
pan 197];, conststing of primarily the amino- and carboxyl-terminal regions- of dystrophin with only one central 
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Principal investigator: Hoffman. Eric 



^uT"?- (s A ee 8 * n Section C - 2 - 2 )- This truncated construct was tested in an adenovirus fAd^ 
vector to exhibit certa2n functionality. No further study was carried out due to the immune comnlicatW rinf?^ 

• ^ s 7oHoS em - WC W ' lU StUdy *5 " ™> duality of the 3.7 kb SS^S^S^S^S^ 
vectors following m injection into weir mice. Wei will examine restoration of the dystrophin i associate ll, w -„ 
complexes, improvement of muscle histology, and recovery of physiological function pKS^??S?v 
of mdx mouse muscle after high level expression of the rAAV construct l*iuscje Physiology Core) 

B. Backg round and Significan t*? 

B.l. AAV Vectors 

adenovi™ Srt£^5 W ^ requireS essential ^ functions from other viruses such as 

adenovirus (Ad) to efficiently reproduce its progenyrs. ioj. AAV is nonpathogenic and has no etioloeictssoeiarinn 
Z^Z* * se ^- This safety feature should miriirmze the Uability t o the genel EJ5Sp3£5aS V 'it 

°f feting a broad range of mammaUan cell types and tissues. Upon infection, the vKtegSesinTo 
the host chromosome .and persists until a suitable heloer virus co-infects the ceil. The oAly cwSgSS.S 

vfS? ni AAV genome This sequence also serves as the origin of DNA replication and packaging Sal for 

f nc apsidationri20]. Recombinant AAV (rAAV) vectors have eliminated all the viral iSncef exSS 
the 145 bp inverted terminal repeats (TTRs). The removal of all viral genes adds another saSrSES -Sat nof 
only prevents the generation of wild type helper virus via homologous recombination WlSSuSmSSL SL 
possibility of immune reactions caused by undesired viral gene expressions 20,39 71 82 im122 
problem seen with other viral vector systems [123-125] (see below). • ^' sl S mficant 

♦™ ^ T he commonl y "sed production method for rAAV is the two-plasmid (vector/packaeine} transient co- 

fee 145 bp ITRs The packaging plasmid contains all the AAV genes (Rep gene for viral [DNA rephcationand I Can 
gene for encapsulation) but not the ITRs. The AAV gene products are supplied in trans without SSb£Sr 
SSfSTSv if" 1 P a Ws of wiid W coding sequences, despite som^reportsSmenteJ 2SSS5rflow 
£S! ^? Ai l V ? y °° n - h . on iologous recombination^. While generally successful, the above system has Tat le2t 
major drawbacks One is the inconvenience of transient co-transfection regime, fhe od^r prSSis Ae 
requirement of helper adenovirus. Even though Ad can be removed durmftie pupation? fc s tiTn o^ a 
contarmnation nsfc Generation of efficient packaging cells harboring both function^ AAV geneTand Se vector 

Ad A.^ShS',^ 1 ■ ^ f 0 9° Pr ° blem [2U ,06]( 3150 see our Aumfaary iwutatwl^ 
^£S5S£SS5f ^ ^ necess 5y hel ,P er Actions other than the entire Ad virus should p?evenTme 
free o? AH °X Ad . conta ? inat ?° n - Recently, we have reported a high titer rAAV production method completely 
tree of Ad virus by using a plasmid containing only the essential Ad helper genesras 1 18] Usine such thr^T 7 
- ?ST d ^^on method, one can obtain Ad-free, high titer and high purityrAAV vkd 1 sS of ' urXlO" m 
^ d , UCing UmtS ^^("P to 1013 to 10' 4 viral pa^cles/rnl), fpproactogwTl^ r?p ^rfJCwM, 
tiie recent improvement in methodology[76. 1 18], rAAV vector production shouldno long % the^ttie nVck fertile 
application of this vector system in preclinical and clinical studiesn ioj. 8 toe 

^11* h*f£Y vec tors can efficiently transduce both dividing and non-dividing cells. Transduction of proliferatina: 
n i, f ? D vf documen ted[io, 43. 74. 83. 1 15. 1 16]. However, despite earlier speculation and obseSttioS 

at br^fS wi d h e a v? enCe ******** non-dividing cells by rAAV vectors Le from our InWvTSSSta 
aSdflSSS; ™%^3 " n ^ mv f 0CallV demo . nstr ^d long term transduction of neuronal cells in different areas of 

2ifaE2^y V6 ^ rS ' ow*™* either aLacZ reporter gene or a therapeutic tyrosine hydroxylase 
cSSi^SiSSS?* 1 ? ™ del[68 J- Subsequently, we have shown that an rAAV-LacZ vector delivered though 
coronary artery achieved efficient gene transfer in pig heart muscle for over 6 months without significant decHr.1 
of the transgene expression^]. Recently, we and others have shown that AA V vectorl when inlected^n the 

sssss^sr- demonstrated . sustained ex P ressi ° n ° f Lacz «p to sssr e 

cnaractenzation of the vector suggesting integration as a mechanism of persistencen 171. Besides brain and muscle 
other predominantly non-dividing tissues efficiently transduced by AAV vectors include liver^pScorf and eve' 
Very relevant to thus proposal is AAV vector's capability to bypass capillary blood vessel (pore s £ T20°3oSnS' 

ofti^ol? y °^ IS ? ±e matUfe mUScle ceU ^ ^ ^ n mav d « e to S snill pSS ? 
size of AAV(20 nm), contrary to other viral vectors such as Ad (70-100 nm) and herpes viruses (120-300 1 run) 
which poorly transduce mature muscle cells because of the basal lamina barrier and. other factorapoi 
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can help us to otan Ms.ght tnto the transduction mechanism and Ivolve n^rSe^ pSS?" 

injection. Instead? We^Ul linSur e^EE^tJS W SyStenU f VeCt 5 delivei y ^g 11 mtraventricX 
will focus our effort on the SiSSffSSl ^^-^ ^ intra-artery injections. In addifon. we 
andphysiologicai ^c*^ ( TA > -uscle for both htaJSJS 

D ' 3 ' 1 * K«? r *tf«wi«f«ifar «n<* intra-artery injection. 

physiolo^calSS -overy of 

intra-artery vector injection with different d^^S^fnS.^SSS? ♦ Jfe construct. After intramuscular and 
and 4-month) and muscle ^SS^ttS^^SS^ ***** ^ P ° intS (3 " Week ' 2 " month 



D. 3. 2. Functional assays- 



stulSSc^ll^ rnvS!^ taprov^men. of the histopathology. We 

tissue overgrowth. Sods S to S ' m >'° fibers "m* a* «ven size, and le^coimecuVe 



chosen. According to data in the Iteram? ^Sft Si ■ y J significant number of samples will be 

analyzed with vkvttSSl^^jXZA '^ir' "* **» * 
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Potential pitfalls and alternative strategies: 

First, if expression of the truncated dystrophin gene in mdx mice cauw ptt a • -r- 

infiltration and loss of vector transduced ^^^^^SSl^SS^SS^i^ 80 '^ WW 

employed. Again, we will consult Dr. Paula Clemens (Project 2) on these^sueT PP " be 

Second, no significant functional recovery is rendered bv this highly truncated dvstronhm const™,- w - 
this scenario may happen because this construct is highly abnormal, wiSonly Sod S! R™™ 
groups are working on other novel deletion constructs These addSonal conitruce fcoS?be ^S?7n TO 
vector system. For example, it is known that certain region of the C-temSnul^an b^ deleted wl^^J^ 
fonctional lossfi 7]. Removal of this distal portion of the C-terminal regS Z emo* sorat^S 22v» . 
rod domains to be incorporated. We have calculated that 5 to 6 rod doSainsca^ stored Eterf?™™, 
nonessential C-terrninal region, and the construct can still be package? u^o r^V vector wi^ S^^ 31 °{ a 



feasibility ofrAAV vectors in muscle disease gene therapy. 

E. Human Subjects — Not applicable 

F. Vertebrate Animals 



u *2 Pys^PMc hamsters (strain Biol4.6) and the normal control hamster Strain P1 T*\ *~ u 

3) The institutional guidelines for the use and care of animals in research are aQ c„ m H h v a tx^i* 

SSS,"* C °" S,Ste,U Wi,h «=™n»nc>«ion» of the Panel of Eu^ta^fi^^^^ 
G. Literature Cited. 

4 Barresi, R., V. Confalonieri, M. Lanfossi, C. Di Blasi, E. Torchiana R Mantes™ T larra kt 
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.during neurogenesis from -resident neural progenitor cells in the 
adult forebraln. The induction of striatal neurogenesis In partic- 
ular may have significant Implications In diseases of striata) neu- 
ronal, loss, such as Huntington's disease 2nd the striatonigraJ 
degenerations. 

Supported by the Mathers Charitable Foundation, the National 
Multiple Sclerosis Society, and NIH grants KOI NS29813, R01 
NS33106, and P50 HL5931Z. 



53. Efficient Functional Correction of Muscular 
Dystrophy In mdx Mice by AAV Vectors Carrying 
Novel Human Mlni-dystrophin Genes 

Bing Wang*t i^n U*t Xiao Xlaon 

'Department of Molecular Genetics and Biochemistry, 

•fGene Therapy Center and Dvchenne Muscular Dystrophy Research 

Center, University of Pittsburgh School of Medicine, 

Pittsburgh Pennsylvania 

Duchenne muscular dystrophy (DMD), caused by recessive 
mutations In dystrophin gene, affects one of every 3500 born 
males. No treatment is available for DMD,- which is the most 
common and lethal progressive muscle disorder characterized. 
Genetic therapeutic approaches vising primarily myoblast 
transplantation 01 adenovirus-medlated gene transfer, have 
met with limited success. On the other hand, AAV as the only 
non-pathogenic viral vector currently available, has been suc- 
cessful In establishing efficient and Jong-term gene expression 
without significant immune response or toxicity in vivo. Con- 
trary to other viral vectors, AAV readily bypasses the extracel- 
lular barrier in muscle due to Its small particle size (20 nm) and 
transduces myoEbers of various maturity. Currently, AAV vec- 
tors have offered the best gene transfer efficiency and longev- 
ity among all viral and non-viral vectors tested in muscle 
tissues. The unparalleled efficiency and safety of the vector 
system in muscle have led to its utility in gene therapy at a 
Increasing pace, for genetic muscle disorders as well as for 
metabolic diseases Involving genes of smaller size (< 4.S kb). 
However, the small package size (S Itb) has precluded its utility 
for dystrophin gene <14 £b cDNA). 

In this study, we show for the first time the successful gene 
therapy of DMD ixsing AAV vectors. We have created a series of 
novel mfnl-dystrophin genes (3.8 kb to 4.2 kb) that readily pack- 
age Into AAV along with an MCK (muscle-spedac creatine Id* 
nase) promoter to assure tissue-specific rransgene expression. 
When injected Into the hlndieg muscle (gastrocnemius) of rndx 
mice (a DMD animal model), two of the mini genes resulted in 
efficient and stable expression (3 months, current duration of the 
study) in a widespread (50% to 88%) of the myo fibers across the 
transverse sections of the vector treated muscle. Imrminofiuores- 
cent staining of the consecutive sections, using antibody against 
a, b, and g sarcoglyeans, revealed the restoring the missing dys- 
tiophin-a«o elated protein complexes onto the plasma mem- 
brane. Furthermore, AAV-transduced mdx muscle exhibited nor- 
mal polygonal morphology of the myonbers with consistent 
sizes. More importantly, Counterstaining of nuclei with DAP1 
dye showed more than 98% of th a myofiber nuclei located at the 
normal peripheral positrons, Indicating the absence of muscle 
degeneration and regeneration. H & E staining levealed normal 
histology and lack of fibrosis and infiltration in the vector trans- 
duced area. Finally, myofiber membrane leakage test using a vital 
dye Evans blue, showed indistinguishable membrane integrity of 
AAV treated myonbers from those of healthy mice. Thns, we have 
demonstrated for the first time that the dystrophin gene can be 
shortened to approximately 1/3 of its 11 kb coding sequence 
without loosing the functions of preventing muscle tissues from 
dystrophic phenotypes. These findings further define the mini- 
mal functional domains of dystrophin, and more importantly 
render a promising new avenue for DMD gene therapy using AAV 
vectors. 
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of Globoid Cell Leukodystrophy 
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Luigl Naldlnlt/ Gaetano Finoccbiaro* 

*Jst Neurohgico hesta, Milano, Italy 
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tPol S* Matteo, Pavia 
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Globoid cell leukodystrophy (GLD or Krabbe disease) is a degen- 
erative disorder of the nervous system affecting primarily infants 
and caused by mutations of the gene encoding the tysosomal 
enzyme galactoceiebrosidase (GALC). Bone marrow transplanta- 
tion may counteract the disease progression in late-onset forms 
but no effective treatment is presently available for early-onset 
GLD. Twitcher is the murine model of GLD and we are develop- 
ing experiments to test whether brain transplantation of neural 
progenitor cells oveiexpressing GALC may affect the twltcher 
phenotype. Initially we prepared an MMLV~based eco tropic 
packaging cell line transducing the GALC gene. This retrovirus 
was used for transduction of rat neural progenitor cells immor- 
talized by a temperature-sensitive variant of the SV40 large T 
antigen (ST14A cells). Transduction of ST14A cells led to a 4-fold 
increase of GALC activity after antibiotic selection (from 15*6 to 
63.3 nmol/rng/br; Torchlana et el, 1998). Subsequent experi- 
ments based on injection of ST14A/GALC cells in the vicinity of 
the lateral ventricle In 12-14 day old twltcher mice (symptoms 
start around day 20 and animals usually die two weeks later) did 
not modify disease progression. Injection of syngeneic fibroblasts 
ovexexpressing GALC, however, was accompanied by a slight 
prolongation of survival, suggesting that immunological re- 
sponses could decrease survival of allogeneic ST14A cells after 
transplantation in mouse brain. To overcome this, we have now 
isolated and grown into culture neural progenitor cells from a 
newborn heterozygous twltcher mouse. We have also cloned 
GALC cDNA into lentiviral plasmid pWlLsln.PPT.hCMV.Wpre 
and assembled by cotrarafectlon of plasrnids pCMVdR8.74 and 
pVSV-G into 293 T ceils a lentiviral vector for GALC transduc- 
tion. The viral supernatant (80 ng /ml of p24, as determined by 
irnmunocaptuxe) was used to infect HeLa cells, causing an 80 fold 
increase (from 0.07 to 8.9 nmol/rng/hr) of GALC activity in the 
absence of antibiotic selection. Transduction of syngeneic neural 
stem cells with this lentiviral vector should offer the appropriate 
conditions to evaluate if this approach is therapeutically rele- 
vant. Alternatively, direct injection of the viral supernatant in 
the CNS or transduction of hematopoietic stem cells will be 
considered for gene, therapy of twltcher. 

55. In Vivo Migration of Transplanted Myoblast 

Requires Matrix Metailoproteinases Activity: 

Impovlng Muscle-targeted Gene Therapy 

Efmostafa EL FAHIME*, Yvan Torremet, 

N| Caron, IP Tremblay* 

*Laboratoire de g&t&tiqve humaine/ Centre 

de redhcrcheAmivenlte Laval 

tCemn> Ditto Ferrari, Institute of clinical Neurology, 

University of Milan, Italy 

Myoblast transplantation is a potential treatment of the Duch- 
enne Muscular Dystrophy, and of many other genetic diseases 
and acquired diseases. The success of this method, as a therapeu- 
tic intervention, however, depends on several factors. Not the 
least being the movement of transplanted cells throughout the 
host muscle in order to disseminate the Introduced normal gene 
product; in particularly when this product has a structural func- 
tion as does dystrophin. Using a new technique to assess, in vivo, 
myoblast migration, we have confirmed previous results showing 
that the C2C12 myoblast cell line exhibits a higher migratory 
capacity, than do the primary myoblasts. To test the hypothesis 
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Adeno-associated virus vector carrying human 
minidystrophin genes effectively ameliorates 
muscular dystrophy in mdx mouse model 
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Orthopedic Surgery, University of Pittsburgh, Pittsburgh. PA 15261 
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Duchenne muscular dystrophy (DMD) is the most common and 
lethal genetic muscle disorder, caused by recessive mutations in 
the dystrophin gene. One of every 3,500 males suffers from DMD, 
yet no treatment is currently available. Genetic therapeutic ap- 
proaches, using primarily myoblast transplantatfon and adenovi- 
rus-mediated gene transfer, have mot with limited success. Adeno- 
associated virus (AAV) vectors, although proven superior for 
muscle gene transfer, are too small (5 kb) to package the 14-kb 
dystrophin cDNA. Here we have created a series of minidystrophin 
genes (<4.2 kb) under the control of a muscle-specific promoter 
that readily package into AAV vectors. When injected into the 
muscle of mdx mice (a DMD model), two of the minigenes resulted 
in efficient and stable expression in a majority of the myofibers, 
restoring the missing dystrophin and dystrophin-associated pro- 
tein complexes onto the plasma membrane. More importantly, this 
AAV treatment ameliorated dystrophic pathology in mdx muscle 
and led to normal myofiber morphology, histology, and cell mem- 
brane integrity. Thus, we have defined minima I functional dystro- 
phin units and demonstrated the effectiveness of using AAV to 
deliver the minigenes in vivo, offering a promising avenue for DMD 
gene therapy. 

Duchenne muscular dystrophy (DMD) is an X-Jinked genetic 
muscle disease affecting 1 of every 3,500 males born (1-3). 
The progressive muscle degeneration and weakness usually 
confine the patients to wheelchairs by their early teens and lead 
to death by their early twenties. DMD is caused by recessive 
mutations in the dystrophin gene, the largest gene known to date, 
which spans nearly 3 million bp on the X-chromosome (2) with 
a high rate of de novo mutations. Dystrophin is an enormous 
rod-like protein (427 kDa) localized beneath the inner surface of 
myofiber plasma membrane in both skeletal and cardiac muscles 
(3). Dystrophin functions through four major structural do- 
mains. The N-terminaJ domain binds to the F-actin of cytoskel- 
etal structures, whereas the C-terminal cysteine-rich (CR) do- 
main along with the distal C terminus (CT), anchors to the 
plasma membrane via dystrophin-associated protein (DAP) 
complexes. The central rod domain contains 24 triple-helix rod 
repeats and four hinges (4). Thus, dystrophin crosslinks and 
stabilizes the muscle ceil membrane and cytoskeleton. The 
absence of a functional dystrophin results in the loss of DAP 
complexes and causes instability of myofiber plasma membrane. 
These deficiencies in turn lead to chronic muscle damage and 
degenerative pathology. 

Because of the lack of effective treatment for DMD, novel 
genetic approaches including cell therapy and gene therapy have 
been actively explored. However, clinical trials of myoblast 
transplantation have met with little success, owing to the poor 
survival of the transplanted cells (5). Gene therapy as an 
alternative strategy has been extensively studied in animal 
models. Somatic gene transfer using both nonviral DNA vectors 
carrying dystrophin cDNA (6) and RNA/DNA oligonucleotides 
(7) achieved transgene expression but with very limited effi- 
ciency. Adcnovirus-based vectors have been successfully tested 

13714-13719 | PNAS | December 5. 2000 | vol.97 | no. 25 



in dystrophic animal models (8, 9). Nonetheless, the i mm u no- 
gen icity and inefficiency of infecting mature muscle cells remain 
major hurdles to overcome before the vector can be safely used 
in humans. 

Adeno-associated virus (AAV) vectors are the only viral 
vector system that is based on a nonpathogenic and replication 
defective virus (10). AAV vectors have been successfully used to 
establish efficient and long-term gene expression in vivo in a 
variety of tissues without significant immune response or toxicity 
(11-14). Unlike other viral and nonviral vectors, AAV readily 
bypasses extracellular barriers because of its small viral particle 
size (20 nm) that facilitates efficient transduction of muscle 
myofibers of various maturity (15). Currently, AAV vectors offer 
the best gene transfer efficiency and longevity among all viral 
and nonviral vectors tested in muscle tissues. The unparalleled 
efficiency and safety have Jed to an increasing interest in 
AAV-mediated gene therapy for genetic muscle disorders (16- 
18) as well as for metabolic diseases. However, until recently (19, 
20) a major obstacle for AAV vectors is the limited packaging 
size that only allows for genes smaller than 4.5 kb (13, 17, 21, 22), 
therefore precluding such a large gene as dystrophin with a 
cDNA of 14 kb. Here we have created miniature versions of 
dystrophin genes ideal for AAV vector-mediated DMD gene 
therapy. 

Materials and Methods 

Construction of Minidystrophin Genes and AAV Vector Production. 

Minidystrophin constructs were made mainly by the PCR clon- 
ing method using Pfu polymerase (Stratagene) and human 
dystrophin cDNA (GenBank NM 004006) as the template. For 
consistency, the numbering of the nucleotide only includes the 
11,058 bp dystrophin protein coding sequence. As depicted in 
Fig. 1, minigene A3849 contains nucleotides 1-1668 (N terminus, 
hinge 1, and rods 1 and 2), 8059-10227 (rods 22, 23, and 24, hinge 
4, and CR domain), and 11047-11058 (the last 3 aa of dystro- 
phin). Similarly, minigene A3 990 contains nucleotides 1-1668, 
7270-7410 (hinge 3), 8059-10227, and 11047-11058, Finally, 
minigene A4173 contains nucleotides 1-1992 (N terminus, hinge 
1, and rods 1, 2, and 3), 8059-10227, and 11047-11058. The 
above constructs were made by blunt-end ligation of the Pfu- 
ampiified PCR products of each individual segment, so that all 
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Abbreviations: AAV, adeno-assodated virus; DMD, Duchenne muscular dystrophy; CR. 
cysteine- rich; CT, C terminus; DAP, dystrophin-associated protein; MCK. muscle-specific 
creatine kinase; CMV. cytomegalovirus; DAPI. 4',6-diamidino-2-phenylindote; IF, immuno- 
ftuorescent 
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Fig. 1. Construction of highly truncated minidystrophin genes. Dystrophin 
has -four major domains: the N-termlnal domafn (N), the CR domain, the CT 
domain, and the central rod domain, whfch contains 24 rod repeats (R) and 
four hinges (H). The minidystrophin genes were constructed by deleting a 
large portion of the central rods and hinges and nearly the entire CT domain 
(except the last 3 aa). The minidystrophin genes subsequently were cloned 
between an MCK promoter <or a CMV promoter) and a poly<A) sequence in 
AAV vectors. 



of the protein coding sequences are precisely spliced together 
in-frame. The minidystrophin genes then were subcloned into an 
AAV vector plasmid containing a muscle-specific creatine ki- 
nase (MCK) promoter, a 595-bp Hindlll/BstBll fragment from 
plasmid p(+ enh206)358MCKCAT (23), and a 60-bp small 
poly (A) signal sequence (24), resulting in vector constructs 
AAV-MCK-A3849, AAV-MCK-A3990, and AAV-MCK-A4173. 
Similarly, the minigenes also were cloned into an AAV vector 
plasmid containing a cytomegalovirus (CMV) promoter (620 
bp) and the small poly(A) signal sequence to generate vector 
constructs A AV-CM V- A3 849 and AAV- CMV- A3 990. 

The recombinant viral vector stocks were produced precisely 
according to the three-plasm id cotransfection method as de- 
scribed by Xiao el al. (25). The AAV viral vectors were subse- 
quently purified twice through CsCl density gradient ultracen- 
trifugation using the previously published protocols (26). t*he 
vector titers of viral particle number were determined by DNA 
dot blot method (26) and were approximately 5 x 10 lz tol x 10 13 
viral particles per ml. 

Mice and Vector Administration. All experiments involving animals 
were approved by the University of Pittsburgh Animal Care and 
Use Committee. The healthy mice C57/B10 and dystrophic mice 
mdx were purchased from The Jackson Laboratory. The 10-day- 
old mdx pups or 50-day-old mdx adult mice were injected into the 
hindieg gastrocnemius muscle with 50 /xl (5 X 10 10 viral particles) 
of different AAV minidystrophin vectors. Muscle samples were 
collected for examination at various time points after vector 
injection. 

Immunofluorescent (IF) Staining. Muscle cryosections of 8 fxm 
thickness were immunofluorescently stained with the Mouse- 
on-Mouse Kit from the Vector Laboratories according to the 
manufacturer's protocol, except that the cryosections were im- 
mediately treated with the blocking buffer without the fixation 
step (27). Monoclonal antibodies against dystrophin (NCL-Dys3 
and NCL-Dys2) and against a-, 0-, and 7-sarcoglycans (NCL- 
a-SARC, NCL-b-SARC, and NCL-g-SARC) were purchased 
from NovoCastra Laboratories (Burlingame, CA). Muscle cell 
nuclei were counterstained with 0.01% 4',6-diamidino-2- 
phenylindole (DAPI) (Sigma) for 10 min. Photographs were 
taken with a Nikon TE-300 fluorescent microscope. 

in Vivo Myofiber Plasma Membrane Integrity Test. Evans Blue dye 
(10 mg/ml PBS) was injected into the tail vein of C57/B10 mice, 



mdx mice, and AAV vector-treated mdx mice at the dose of 0.1 
mg/g of body weight (28). After dye injection, mice were allowed 
continuous swimming for 20 min. At 15 h after Evans Blue 
injection, muscles were collected and cryosectioned. Evans Blue 
dye-positive myofibers were observed under the fluorescent 
microscope with rhodamine filters. 

Results 

Construction of Minidystrophin Genes. To explore the feasibility of 
using AAV vectors for DMD gene therapy, we have devised 
strategies to create minidystrophin genes, which are small 
enough to be packaged into AAV vectors, and yet retain the 
essential functions needed for protecting muscle from the patho- 
logical symptoms. Previous studies on patients with mild mus- 
cular dystrophy revealed that although they endured large 
in-frame deletions in the central rod domain of dystrophin, those 
patients suffered only slight symptoms (29-31). This phenom- 
enon suggests that a major portion of the rod domain is 
dispensable. In addition, transgenic studies in mdx mice showed 
that two deletion mutants in the CT, one lacking exons 71-74 and 
the other lacking exons 75-78, displayed full functions in pre- 
venting dystrophic phenotypes (32). This result suggests that the 
CT domain also may be dispensable. In contrast, N-terminal 
deletions variably impair dystrophin functions (33). Based on the 
above observations, we have created by rational design several 
minigenes, in each deleting up to 75% of the central rod domain 
(19 of the 24 rods; 2 of the 4 hinges) as well as nearly the CT 
domain (exons 71-78) (Fig. 1). 

These minigenes have enabled us to re-examine a previous 
hypothesis that a dystrophin could not be made smaller than 
one-half of its full length without causing muscular dystrophies 
(34). Our minidystrophin genes, as small as only one-third of the 
11-kb full-length dystrophin coding sequence, are significantly 
smaller than the 6.3-kb Becker-form minidystrophin gene (29) 
that was widely used in transgenic and gene therapy studies in 
mdx mice (8). To ensure sufficient physical flexibility of the 
minidystrophin protein, all of our constructs such as A3849 still 
retain at least five rod repeats (Rl, R2, R22, R23, and R24) and 
two hinges (HI and H4) in the central rod domain (Fig. 1). 
Construct A3 990 has an additional hinge (H3), whereas con- 
struct A4173 contains an additional rod (R3) (Fig. 1). The 
rationale of deleting central portion of the rod domain while 
preserving both distal rod repeats in our minigenes is based on 
the fact that those distal repeats were naturally retained in the 
mild Becker muscular dystrophy patients, who had large in- 
frame deletions in the rod domain (29-31). The above minidys- 
trophin genes were packaged into AAV vectors under the 
control of a strong promoter CMV (CMV immediate early 
promoter) (Fig. 1). To ensure muscle-specific expression, the 
minigenes also were packaged into AAV vectors under the 
control of an MCK promoter (23) (Fig. 1). 

Restoration of DAP Complexes. Because our minidystrophins lack 
nearly the entire distal CT domain, this prompted us to inves- 
tigate whether those constructs still retain the major biochemical 
functionality including submembrane localization and interac- 
tion with DAP complexes. We initially injected the AAV MCK 
minidystrophin vectors into the hindieg muscle (gastrocnemius) 
of 10-day-old mdx mice. At 3 months and 6 months after vector 
injection, the muscles were collected for evaluation of minidys- 
trophin expression and biochemical restoration of the DAP 
complexes, which were absent because of the primary deficiency 
of dystrophin. IF staining on thin sections of AAV-treated 
muscles, using an antibody (Dys3) specific to human dystrophin, 
revealed widespread vector transduction and correct submem- 
brane location of the minidystrophins in a majority of the 
myofibers, especially in muscles treated with AAV vectors 
containing minigene A3849 or A3990 (Figs. 2 a and b and 3c). As 
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Fig. 2. IF analysis of the dystrophin and DAP complexes in gastrocnemius muscle, (a) CryosectJons of mdx muscle, at 3 months after treatment with construct 
AAV-M CK-A3 849 or A AV-M CK-A3 990, were IF-stained with an antibody against dystrophin (green) and then counterstained for cell nuclei with DAPI (blue). 
Photos were taken with a X4 microscope lens. Note the widespread mini dystrophin expression and peripheral nucleatlon In a majority of the rnyofibers. Also 
note the extensive central nucleation in minidystrophln-negatlve areas. (6) Cryosectfons of muscles from 15-week-old normal C57/B10 mice, from mdx mice 
treated either with vector AAV-MCK-A3 849. AAV- MCK-A 39 90, or AAV-MCK-A41 73, or from untreated mdx mice were IF-stalned with antibodies for dystrophin 
(green) and counterstained with DAPI (blue) for nudei (OYS + DAPI). Note the lack of central myonuclei. The consecutive sections also were stained with 
antibodies for cr-sarcogtycan (<*-SG), p-sarcoglycar* <p-5G), and y-sarcoglycan (vSG). Photographs were taken with a X20 lens. 



expected, the equivalent muscle from the age-matched healthy 
C57/B10 mice showed an indistinguishable dystrophin staining 
pattern, when stained with an antibody (Dys2) that recognizes 
both mouse and human dystrophin CT region (Fig. 2b). As 
expected, this antibody (Dys2) failed to stain the AAV-treated 
mdx muscle because of deletion of the CT region in our 
minidystrophin genes (data not shown). This result further 
confirmed the identity of minidystrophins that were derived 
from the AAV vectors. Consistently, the untreated mdx control 
muscle showed no dystrophin staining (Fig. 2b) except the very 
few somatic revertant rnyofibers recognized by Dys2 antibody. 
Furthermore, injection of AAV minidystrophin vectors into the 
adult mdx muscle (gastrocnemius) showed similar results when 
examined for dystrophin expression at 2 and 4 months after 
injection of AAV MCK vectors (Fig. 3 c~f) or at 6 months after 
injection of AAV CMV vectors (Fig. 3 g and h). Importantly, 
there was no cytotoxic T lymphocyte destruction against the 
rnyofibers that persistently expressed minidystrophins of human 
origin from AAV vectors, either driven by a CMV promoter or 
by a muscle-specific MCK promoter. 

We next examined whether the minidystrophins were func- . 
tional in restoring the missing DAP complexes on the myofiber 
plasma membrane, including the sarcoglycan complex, which is 
not found in untreated dystrophic muscle because of the primary 
deficiency of dystrophin. IF staining using three antibodies 



against a, ft and y sarcoglycans, respectively, showed positive 
results in all of the consecutive thin sections adjacent to those 
stained with dystrophin antibodies (Fig. 2b). These results 
provided evidence of biochemical functionality of the minidys- 
trophins, which lack the CT domain but are still capable of 
interacting with the DAP complexes. 

Amelioration of Dystrophic Pathology. To further investigate the 
functionality of our minidystrophins, it is essential to demon- 
strate that they can protect muscle from the pathological phe- 
notypes. The onset of the pathology in mdx mice starts at around 
3 weeks of age with massive waves of myofiber degeneration/ 
regeneration. This process is characterized by the presence of 
centra] nuclei in rnyofibers, a primary pathological sign of 
muscular dystrophies. The absence or reduction of central 
nucleation after gene therapy would suggest that the therapy is 
successful. Therefore, we initially chose to test the AAV min- 
idystrophin constructs in young mdx mice (10 days old) before 
the onset of central nucleation, to see whether muscle degen- 
eration/regeneration can be prevented. 

Histological examination of the mdx muscles at 3 and 6 months 
after AAV minidystrophin treatment, which was before the 
onset of central nucleation, showed nearly exclusive (^98%) 
peripheral nucleation in the minidystrophin-positive rnyofibers, 
as revealed by dystrophin immunostaining and myonuclei coun- 
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Fig. 3. Long-term m in (dystrophin expression in mdx mice treated at a young 
age (a) or as adults (c-/j) with AAV vectors containing different rninigenes 
under the control of different promoters. JF staining of mintdystrophin 
(green) and my o nuclei counterstaining with DAPJ (blue) were performed on 
gastrocnemius muscles isolated from (a) MCK-A3849-treated 10-day-o(d mdx 
for 6 months, (o) untreated 6-month-oJd mdx, (c) MCK-A3849-treated adult 
mdx for 2 months, <d) MCK-A3990-treated adurt mrfxfor 2 months, (e) MCK- 
A3849-tre8ted adult mdx for 4 months, (f) MCK-A39 90 -treated adult mdx for 
4 months, (gr) CMV-A3849-treated adult mdx for 6 months, and (h) CMV- 
A3990-treated adult mo*x for 6 months. 

terstaining with DAPI [Figs. 2 a and b (first column) and 3a; 
Table 1]. The mutual exclusivity between minidystrophin ex- 
pression and central nucleation in the vector-treated mdx muscle 
precisely mirrored that of the normal muscle (Fig. 2b and Table 

1) . In addition, the myofibers positive for minidystrophin ex- 
pression also exhibited consistent myofiber sizes and polygonal 
shapes indistinguishable from those of the normal muscle (Fig. 

2) . By contrast, the untreated mdx muscle showed extensive 
(75.4%) central nucleation (Table 1), with additional signs of 
dystrophic pathology, including wide variation of myofiber sizes, 
round myofiber shapes, and fibrosis (Fig. 2b). Hence, AAV 
vector treatment prevented dystrophic pathology and led to 
normal histology in terms of peripheral nucleation, consistent 
myofiber size, and lack of fibrosis in the minidystroph in-positive 
areas. These results unequivocally demonstrated the absence of 
muscle degeneration because of the therapeutic effects of our 
minidystrophins in young mdx mice. 

' Subsequently we also tested AAV minidystrophin vectors in 
treating adult mdx mice (45 days of age) after the onset of 
massive waves of degeneration/regeneration, to see whether the 
pathological process can be stopped or reversed. At the time of 
vector injection, a majority (~75%) of the myofibers already 
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underwent degeneration /regeneration process and displayed 
central nucleation. At 2 months, 4 months, and 6 months after 
AAV minidystrophin injection, widespread dystrophin expres- 
sion was observed accompanied by normal myofiber morphol- 
ogy and lack of fibrosis in the dystrophin-positive areas (Fig. 3). 
By contrast, muscle of untreated mdx mice (Fig. 3b), or areas of 
treated muscle without successful vector gene transfer, mani- 
fested progressive degeneration and fibrosis. In addition, a 
reduction of central nucleation in minidystrophin-positive myo- 
fibers was observed (from approximately 75% before vector 
treatment to 35-50% after vector treatment; see Table 1). The 
partial reversal of central nucleation also was observed in healthy 
mouse muscle, where a majority of the myonuclei remained 
centrally located once experiencing a transient pathology such as 
myotoxin treatment (35). Persistence of central nucleation also 
was observed after treatment of adult mdx muscle with a gutless 
adenovirus vector containing the full-length dystrophin cDNA 
(P. Clemens, personal communication). Based on the above 
observations, our minidystrophin genes demonstrated therapeu- 
tic effects in ameliorating dystrophic pathology in both young 
and adult mdx muscles. 

Protection of Myofiber Membrane Integrity. Plasma membrane 
damage and leakage in dystrophic muscle is a major physiolog- 
ical defect and also a major pathological cause. To determine 
whether AAV minidystrophin treatment would be effective in 
protecting plasma membrane from mechanical damage, a myo- 
fiber membrane integrity test was performed by i.v. injection of 
Evans Blue dye. Evans Blue is a widely used vital red fluorescent 
dye that is excluded by the healthy myofibers, but is taken up by 
the dystrophic myofibers containing leaky cell membrane caused 
by contractile damages. A previous study of mdx mice revealed 
that the apoptotic myonuclei were found mostly in Evans Blue 
dye-positive myofibers, thus correlating plasma membrane leak- 
age and muscle cell apoptosis (28). 

Initially, Evans Blue was administered into the tail vein otmdx 
mice that were treated at a young age (10 days old) with AAV 
vectors 3 months before. The age-matched untreated mdx mice 
and healthy C57/B10 mice were used as controls. To induce 
mechanical stress, the mice were allowed to exercise by contin- 
uous swimming for 20 min. Muscles then were collected and ?JsjS 
examined for dystrophin expression as well as for Evans Blue dye ^mM, 
uptake. As expected, muscle from healthy mice revealed uniform lf||g 
dystrophin staining across the muscle sections and no uptake of S|ff 
the dye by the myofibers (Fig. 4a, top row). The AAV vector- : a " 
treated mdx muscle showed results consistent with the healthy 
muscle, thus mutual exclusivity of dystrophin expression and dye 
uptake (Fig. 4a, three middle rows). Dye uptake (red fluores- 
cence) was found only in myofibers that lacked minidystrophin 
expression in the areas not transduced by AAV vectors (Fig. 4a, 
three middle rows). By contrast, the untreated mdx muscle 
revealed absence of dystrophin and extensive dye uptake (Fig. 
4a, bottom row). More importantly, AAV minidystrophin treat- 
ment of adult mdx muscle also achieved similar results m 
protecting myofibers from plasma membrane leakage when 
analyzed at 2 months and 6 months after vector injection (Fig. 
4b). These results unequivocally demonstrated the physiological 
functionality of our minidystrophins in maintaining membrane 
integrity and protecting myofibers from mechanical damages in 
both young and adult mdx mice. 

Discussion 

In summary, we have presented evidence that the dystrophin 
gene can be successfully reduced to one- third of its 11-kb 
full-length coding sequence, without compromising essential 
functions in protecting muscles from dystrophic phenotypes. 
Moreover, we have demonstrated that intramuscular injection of 
AAV vectors carrying human rninigenes can achieve efficient 

PNAS | December 5, 2000 ( vol.97 | no. 25 | 13717 



PAGE 41/44 * RCVD AT 8/25/2004 4:19:01 PM [Eastern Daylight Time] " SVR:USPTO-EFXRF-1/8 * DNIS:872930S * CSID:9194 199354 * DURATION (mm-ss):25-5S 



8-25-04; 4: 17PM; I PTL 



; 9 1 94 1 99354 



# 42/ 44 



Table 1. AAV minidystrophin gene transfer In young and adult mdx mice 



% 



Animals* and 
vectors 


n 


Age at vector 
injection 


Months post 
injection 


Dystrophin- 
positive fibers 


* * * 

*% Central nuclei* 


rndx + A3849 


4 


10 days 


3 


56-88 


1.02 (72/7,098) 


mdx + A3 990 


4 


10 days 


3 


50-80 


0.99 (56/5,652) 


rndx + A.4173 


4 


10 days 


3 


15-25 


0.93 (26/2,791) 


rndx + A3849 


4 


10 days 


6 


40-60 


2.80 (51/1.824) 


mcfcr + A3 990 


2 


10 days 


6 


35-45 


2.30 (34/1.478) 


mdx + A3 849 


2 


50 days 


2 


35-50 


34.76 (510/1,467) 


md* + A3990 


2 


50 days 


2 


35 - 40 


34.18(685/2,004) 


rndx + A3849 


4 


50 days 


4 


20-25 


44.24 (615/1,390) 


rndx + A3990 


4 


50 days 


4 


20-30 


46.18(695/1,505) 


CS7/B10 


4 


No injection 


N/A 


100 


1.45 (56/3,860) 


rndx 


4 


No injection 


N/A 


<1 


75.4(238/3,160) 



N/A, Not applicable. 

♦Untreated control mcfcand C57/B10 mice were about 3 months old at the endpoints of experiments. AAV vectors were driven by MCK 
promoter. 

* All numbers were collected from dystroph in-positive myofibers that were photographed after IF staining and DAM counterstaining, 
except in untreated rndx mice, which had extensive central nude at ion and very few dystrophin- positive revertant myofibers. 



and long-term therapeutic effects in a major muscle group of a 
DMD mouse model. The long-term correction of both biochem- 
ical and ''physiological defects in the dystrophic muscles was 
realized by the persistent minidystrophin expression from AAV 
vectors and the apparent lack of cytotoxic T lymphocyte immune 
response against myofibers expressing human dystrophin. 

Previous attempts to generate minigenes that were shorter 
than one-half of the full-length dystrophin failed to preserve the 
essential protective functions. The minidystrophin genes tested 
in adenovirus vectors by Yuasa and colleagues (36, 37), although 
containing both intact N- and C- terminal domains and 1-3 
central rod repeats, were functionally similar to a CT dystrophin 
construct (Dp71) (38), thus sufficient to restore DAP complexes 



but insufficient to restore myofiber morphology and prevent 
dystrophic pathology (unpublished results). By contrast, the 
minidystrophin genes reported here accommodated at least five 
rod repeats (Rl, R2 f R22, R23, and R24) and two hinges (HI and 
H4). To retain as many repeat units in the rod domain without 
exceeding the packaging limit of AAV vectors, we have enabled 
the deletion of nearly the entire CT (819 bp) without sacrificing 
the primary functions of dystrophin, for example, submembrane 
anchoring and interaction with DAP complexes. Our results 
indicate that five rods and two hinges seem sufficient to provide 
both length and flexibility for the central domain. This conclu- 
sion is supported by the observation that minigenes A3849 and 
A3990 were equally functional in preventing the dystrophic 
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Fig. 4. Protection of muscle plasma membrane Integrity by minidystrophin genes in rndx mice treated either at 1 0 days of age (a) or as adults (6). (a) Three months 
after AAV vector injection, either the treated mdx mice or the age-matched controls (normal CS7/8 1 0 and untreated rndx mice) were i.v. injected with Evans Blue dye. 
The gastrocnemius muscles then were collected and cryosectioned either from norma I C57/81 0 mice; from mdx mice treated at 10 days of age with AAV-MCK vectors 
A3849, A3 9 90, or A4173; or from the untreated mdx mice. Normal dystrophin and minidystrophin expression was visualized by IF staining {Left, green). The leaky 
myofibers were visualized by the uptake of Evans 8lue dye (Center, red fluorescence). Note the mutual exclusivity between dystrophin expression and Evans Blue dye 
uptake as shown by the merged images (Rtghf). Photographs were taken with a *10 lens. (6) Adult mdx gastrocnemius muscles were treated with AAV vectors 
containing A3 990 minigene. Evans B lue dy e tests were performed at 2 months after AAV-MCK-A3990 treatment (/.eft) or at 6 months after AAV-CMV-A3990 treatment 
(Right), Note the widespread minidystrophin expression (green) and the leaky myofibers (red), which were negative for minidystrophin staining. 
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phenotypes, although A3990 had an extra hinge (H3). Similarly, 
minigene A4173 had an extra rod <R3) but did not function better 
than minigenes A3849 or A3990 (Table 1). In fact, because the 
entire AAV-MCK-4173 vector cassette was nearly 5.2 kb in 
length, larger than the 5-kb packaging limit, its viral particle 
infectivity was impaired, which led to lower gene transfer 
efficiency (Fig, 4a and Table 1). Because a major role of 
dystrophin is to crosslink the myofiber cytoskeleton structure 
and plasma membrane, thus, to stabilize the myofiber during 
muscle contraction, we hypothesize that the length of the central 
rod domain is the critical factor in constructing functional 
minidystrophin genes. It is conceivable that if the minidystrophin 
is too short to span the sliding distance between the cytoskeleton 
and plasma membrane during muscle contraction, the crosslinks 
will be disrupted and the muscle membrane will become unsta- 
ble and prone to mechanical damages. 

Despite the fact that our minidystrophin genes demonstrated 
functionality in protecting myofiber membrane integrity even 
after exercises, it remains to be seen whether the protective 
effects withstand extreme conditions such as eccentric contrac- 
tions. Further investigation also will be instructive to see whether 
these minigenes can restore the muscle contractile force deficit, 
although in mdx mice such deficit is not apparent unless the force 
output is normalized by muscle cross-sectional area. The mini- 
genes created here are shorter than the 6.3-kb truncated dys- 
trophin gene, which was isolated from a 61-year-old ambulant 
Becker muscular dystrophy patient who had very mild symptoms 
(29). It is plausible not to expect that the minigenes are as 
functional as the 6.3-kb Becker-form dystrophin gene. However, 
further in vivo functional comparisons between these genes as 
well as to the wild-type dystrophin gene by transgenic mouse 
studies will provide insightful information not only for muscle 
biology but also for DMD gene therapy. 
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Of particular importance in this study is the use of the AAV 
vector, which appears to be the best vector system currently 
available for muscle -directed gene therapy. Compared with 
other viral and nonviral vectors previously explored for DMD, 
AAV has the combined advantages of high-efficiency gene 
transfer, persistent transgene expression and low immunogenic- 
ity (12, 13, 17, 18, 21). The success of truncating large dystrophin 
gene into functional miniature versions enabled us to explore the 
utility of AAV vector in treating the most common and devas- 
tating genetic muscle disorder. Recent progress in stem-cell 
transplantation has offered a new hope for cell therapy of DMD 
(39). The functional dystrophin genes reported here also should 
Find their utilities in stem-cell therapeutics after ex vivo gene 
transfer. Nevertheless, the primary advantage of AAV vectors is 
the direct in vivo gene delivery such as intramuscular injections. 
New developments in systemic vector delivery through the blood 
circulation (16) and tissue targeting of AAV vectors should 
render more widespread gene transfer in large groups of mus- 
cles. Finally, using AAV vectors rather than the traditional 
transgenic mouse technology, we have provided a more conve- 
nient and less time-consuming method to further discern the 
dystrophin functional domains in vivo and to optimize the 
minidystrophin genes for future clinical applications in DMD 
gene therapy. 
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